The resistance of Co-Al 2 O 3 -Si tunnel contacts for electrical spin injection from a ferromagnet into silicon is investigated. The contacts form a substantial Schottky barrier, 0.7 eV, which plays a dominant role in the electronic transport. On Si with a low doping concentration ͑ϳ10 15 cm −3 ͒, the contact resistance is affected by the Al 2 O 3 tunnel barrier only in the forward bias. In the reverse bias ͑the spin injection condition͒, the Schottky barrier results in a very high contact resistance, ϳ10 2 ⍀ m 2 . While the contact resistance is improved to ϳ10 −2 ⍀ m 2 using Si with a high doping concentration ͑ϳ5 ϫ 10 19 cm −3 ͒, it is still about five to six orders of magnitude higher than the value needed for resistance matching to silicon. that the conductivity mismatch between a ferromagnetic metal and a semiconductor is a fundamental obstacle to the electrical spin injection into the semiconductor. Rashba 7 and Fert and Jaffrès 8 argued that a tunnel junction contact is a practical candidate for the efficient spin injection into a conventional semiconductor; a spin-dependent resistance at the ferromagnet/semiconductor interface provides a solution to the conductivity mismatch problem. Many experiments have recently shown that it is possible to inject spin-polarized carriers into a semiconductor using a tunnel barrier or a Schottky tunnel contact [9] [10] [11] [12] [13] . Silicon is known to have a long spin relaxation time because of the weak spin-orbit coupling.
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The injection of spin-polarized carriers into a semiconductor [1] [2] [3] and a long spin life time in the semiconductor 4 are essential to realize a device based on the spin manipulation in a semiconductor, such as the device that Datta and Das proposed. 5 Schmidt et al. demonstrated 6 that the conductivity mismatch between a ferromagnetic metal and a semiconductor is a fundamental obstacle to the electrical spin injection into the semiconductor. Rashba 7 and Fert and Jaffrès 8 argued that a tunnel junction contact is a practical candidate for the efficient spin injection into a conventional semiconductor; a spin-dependent resistance at the ferromagnet/semiconductor interface provides a solution to the conductivity mismatch problem. Many experiments have recently shown that it is possible to inject spin-polarized carriers into a semiconductor using a tunnel barrier or a Schottky tunnel contact [9] [10] [11] [12] [13] . Silicon is known to have a long spin relaxation time because of the weak spin-orbit coupling.
14 However, the injection and the detection of spin-polarized electrons in silicon have been fettered due to the fact that it is difficult to use optical detection techniques as one can do with III-V semiconductors. [1] [2] [3] [4] [9] [10] [11] [12] [13] Electrical detection using the magnetoresistance ͑MR͒ effect is an option to confirm the electrical spin injection in silicon. Calculations by Fert 2 n ͒ = 4.3ϫ 10 −6 m, at room temperature. In order to observe the MR response, the resistance-area ͑RA͒ product of the tunnel contact, r b * , should be in the range of n t n Ͻ r b * Ͻ n ͑ᐉ sf n ͒ 2 / t n , where t n is the channel length of the Si. 8 For a Si channel with a length of 1 m, the RA value of the injector and detector contacts should be in the range of 1.0ϫ 10
The condition for the electrical injection and optical detection is that the resistance of the tunnel contact is larger than a critical value to overcome the conductivity mismatch. 7 However, for the electrical injection and detection, an extra condition, not relevant for optical detection, appears.
8 Namely, the total device resistance should be as small as possible, since it enters in the denominator of the MR response ͑⌬R / R͒. This leads to an optimum value for the contact resistance.
In this work, we have fabricated ferromagnetic metalinsulator-semiconductor ͑MIS͒ contacts on n-type Si substrates to investigate whether the RA values of these contacts are in the proper range. It turns out that the RA values in the reverse bias range are different from those in the forward bias range due to the rectifying behavior of the MIS contact, and they are many orders of magnitude higher than the optimum values. We have studied the effect of tunnel barrier thickness, the oxidation time, and the doping concentration of silicon on the resistance of the MIS contact.
The Co-Al 2 O 3 -Si contacts were fabricated on n-type silicon ͑100͒ substrates. A 300-nm-thick SiO 2 layer was grown on the Si substrate by dry oxidation at 1150°C. This oxide layer was patterned by lithography and wet etching to define circular contact holes with a diameter of 12-180 m on which the MIS contacts were made. A 40-nm-thick SiO 2 layer was then grown by dry oxidation to protect the silicon surface. This thin oxide layer was removed by HF acid just before the substrate was transferred to the load-lock chamber to prevent a native-oxide regrowth. The aluminum-oxide barrier and the ferromagnetic Co film were deposited by e-beam evaporation. The tunnel barrier was deposited using an Al 2 O 3 source, followed by an additional in situ plasma oxidation step to compensate for the oxygen deficiency known to occur when Al 2 O 3 is evaporated. We prepared samples with different barrier thicknesses from 0.5 to 2 nm and with different oxidation times from 2.5 to 10 min. A cobalt layer and a gold capping layer were deposited as electrode mate-rial. The final configuration was Si/ Al 2 O 3 ͑0.5-2.0 nm͒ /Co ͑15 nm͒ /Au ͑10 nm͒. Patterning for the electrical characterization was done by lithography and Ar-ion beam etching. Figure 1 shows schematic energy band diagrams of the MIS contacts with an n-type semiconductor in both forward and reverse biases. When the metal and the semiconductor are brought into contact, a Schottky barrier is formed. 15 The n-type semiconductor has a space charge region where the electrons are depleted, giving rise to additional resistance. The transport of electrons through the MIS contact depends on the width of the depletion region. The basic transport mechanisms are the thermionic emission and tunneling. 15 The latter becomes important when the depletion region is thin enough. Otherwise, only the electrons which overcome the Schottky barrier can flow through the contact. In the forward bias, a negative voltage is applied to the semiconductor with respect to the metal. This is the spin detection condition. In the reverse bias, a positive voltage is applied to the semiconductor with respect to the metal. This is the spin injection condition.
A cross-sectional transmission electron microscopy ͑TEM͒ image of a Si/ Al 2 O 3 / Co contact is shown in Fig. 2 . The aluminum-oxide barrier is homogeneous with minimum thickness variation, and the Co/ Al 2 O 3 and Al 2 O 3 / Si interfaces are smooth. The quality of the tunnel barrier is important, since the tunneling at the MIS contact should be dependent on the spin of the electrons. The aluminum-oxide deposition and the plasma oxidation thus result in a smooth and homogeneous aluminum-oxide barrier. Figure 3͑a͒ shows the I-V characteristics of MIS contacts with low-doped ͑n = ϳ 10 15 cm −3 ͒ n-type Si and various thicknesses of the Al 2 O 3 barrier. These I-V curves show rectifying characteristics. In the reverse bias range ͑V Ͼ 0͒, the current density is very small, having only a slight dependence on the voltage. In the forward bias range ͑V Ͻ 0͒, two different slopes are observed. At the lower voltage, the current increases exponentially due to the thermionic emission. At the higher voltage, tunneling through the Al 2 O 3 barrier limits the current, and the slope is determined by the tunnel barrier. The current decreases significantly when the thickness of the Al 2 O 3 barrier is increased. Figure 3͑b͒ shows the effect of the thickness of the tunnel barrier on the RA product of the MIS contact. The contact resistance in the reverse bias range ͑open symbols͒ remains constant when the thickness of the tunnel barrier is varied, since the depletion region in the silicon is very thick, about 1000 nm, and the resistance of the tunnel barrier is small in comparison with that of the depletion region. From this result, we find that the Schottky barrier plays a dominant role in the reverse bias range. Consequently, the RA value in the reverse bias is very high, 10 2 ⍀ m 2 , which is about nine to ten orders of magnitude higher than the value needed for the efficient spin injection. The RA values in the forward bias are taken at the relatively high voltage, 0.72 V, at which the effect of the tunnel barrier is visible. As the thickness of the barrier increases, the interface resistance increases exponen- tially, since the tunnel transmission is exponentially dependent on the thickness of barrier. 16 With the same oxide thickness, the resistance also increases as the oxidation time increases. Under-and overoxidation would be a possible explanation for these results. In the forward bias range, the RA values can be tuned over a range of four orders of magnitude by varying the thickness and the plasma oxidation time. While the RA values in the forward bias are smaller than those in the reverse bias, they are still much too high for the efficient spin detection.
A possible way to decrease the interface resistance is to reduce the depletion width using a heavily doped Si. We have measured the I-V characteristics of MIS contacts fabricated on heavily doped Si ͑n = ϳ 5 ϫ 10 19 cm −3 ͒, as shown in Fig. 4 . The depletion region in Si with this doping concentration is relatively narrow, about 5 nm. As a result, we observe that the I-V characteristics are much less rectifying, and the Al 2 O 3 tunnel barrier affects the electronic transport in both forward and reverse biases. The RA values of the MIS contact with a 1.0 nm barrier at 0.12 and −0.72 V, respectively, are 7.8ϫ 10 −3 and 2.3ϫ 10 −6 ⍀ m 2 . These RA values are much better than those with a low-doped Si, but still too high for the efficient spin injection and detection. Moreover, the high doping concentration deteriorates the spin-conserved transport in the semiconductor, because the spin diffusion length is proportional to n −1/2 ͑Ref. 8͒ and the spin life time is decreased as the doping concentration is increased. 17 In summary, we have fabricated Co-Al 2 O 3 -Si contacts with a smooth and uniform aluminum-oxide layer for spin injection into n-type Si. The Co-Al 2 O 3 -Si contacts form a substantial Schottky barrier, 0.7 eV, which plays a dominant role in the electronic transport. On Si with low doping concentration of ϳ10 15 cm −3 , the contact resistance is affected by the tunnel barrier only in the forward bias. In the reverse bias ͑the spin injection condition͒, the Schottky barrier results in a very high contact resistance, ϳ10 2 ⍀ m 2 , which is about nine to ten orders of magnitude higher than the value needed for the efficient spin injection. While the contact resistance is improved to ϳ10 −2 ⍀ m 2 using Si with high doping concentration ͑ϳ5 ϫ 10 19 cm −3 ͒, the value is still about five to six orders of magnitude higher than that needed for resistance matching to silicon.
